MHP-s correlation for new and service-exposed 2.25Cr-1Mo tubes.
Introduction
In recent years, most plant owners have tried to improve the accuracy of remnant life assessment to minimize the risk of unscheduled shutdowns. In the case of high temperature components, in which creep is one of the main damage mechanisms, the remaining integrity surely decays with operating duration. Thus, life assessment should be performed with a suitable interval to evaluate the current integrity. However, destructive tests using test pieces removed from an actual component often require long duration especially for low stressed components like superheater tubes in a boiler. In the superheater section, the sampled tube should be representative of all the tubes in the same section, namely, should own the shortest life remained. Selection of the most damaged tube from numerous ones is the first hurdle to be overcome. Thus, non-destructive screening techniques would be useful for a timely judgement. In the current work, hardness has been successfully correlated with creep strength for both new and service-exposed tubes fabricated from 2.25Cr-1Mo steel. Time to rupture predicted by hardness prior to tests showed good agreement with that of isostress rupture tests. However, the relationship obtained with this work cannot be applicable to the materials hardened by cold work or heat treatment before the service, since their creep resistance could be significantly lowered. Examining the reason for a poor creep property of a hardened material would be worthwhile for further understanding the creep strengthening mechanism of 2.25Cr-1Mo steel, which is a most commonly employed material in power generating and petrochemical plants.
One of the largest threats to superheater tubes is buildup In the present work, the applicability and limitation of a hardness based approach to evaluate creep strength of boiler tubes fabricated from 2.25Cr-1Mo steel have been examined. For superheater tubes in a boiler, a screening technique to judge the damage level would be useful since the number of tubes to be assessed is numerous. It was confirmed that creep strength of tube materials was well correlated with hardness independently of service histories. However, the obtained relationship should not be extended to hardened materials associated with higher dislocation densities. It was found that cold work prior to creep tests remarkably decreased rupture lives despite high hardness values. The extent of change in precipitates, in terms of carbides spherodization and growth of PFZ, was more pronounced in a pre-strained material, presumably due to contribution of pipe diffusion. A similar tendency is also observable in quenched and tempered 2.25Cr-1Mo plate materials, in which densely populated dislocations were introduced at fabrication. For the critical judgement, a more straightforward method, for example examining the removed tubes in service in an iso-stress manner, should be employed. However, time consuming and expensive tests do not necessarily generate reliable answers. Since a test piece machined from an actual boiler tube inevitably has got a small cross-sectional area, rupture life in air is significantly reduced by oxidation. The metal loss, which is a function of temperature and testing duration, can be larger in a test at low temperature rather than that in a short-term test at high temperature. Metal loss at failure for an iso-stress tested specimen can be reduced with increase in testing temperature, suggesting that a creep test under accelerating temperature can derive more realistic prediction.
To evaluate the genuine creep strength, the rupture lives in NIMS database obtained in air were converted into those in vacuum using the damage mechanics by Kachnov and Rabotnov. The following equation was obtained to predict the rupture life in vacuum on the basis of hardness measurement prior to service.
Larson Miller Parameter (LMP) ϭ(log t rv ϩ20)T ϭ18 858Ϫ6 183 log(s/H vo )Ϫ1 807 log of an inner oxide scale and resultant increase in tube temperature. As reviewed by Viswanathan et al., 1) extensive experimental works on the steam oxidation of 2.25Cr-1Mo steel have been done to quantify the kinetics of oxide growth. However, publications on the oxidation behavior during creep tests in air are limited in spite of the significant impact of a testing atmosphere upon the existing database and design code. Kaneko et al. 2) derived the equation correlating reduction of cross-section due to oxidation with time and temperature for 2.25Cr-1Mo steel. Nakashiro et al. 3) corrected the master curve for the virgin materials using the above equation in order to predict a more practical life by negating an oxidation effect in creep tests in air. However, the rupture life in an inert atmosphere was not examined experimentally in those works. In fact, there is little knowledge on the influence of a testing environment upon the rupture life of the service-exposed material. Thus, it should be ensured that the correction of rupture data in air would not overestimate the remnant life of a component in service. The present work has aimed at deriving the master curve, which is applicable for both the new and ex-used material, enabling conservative assessment of the rupture life in vacuum by simply measuring hardness prior to operation.
Experiments and Data Analyses
In the present work, the service-exposed superheater tubes whose operating time well exceeded a design life of 10 5 hours were examined. Design conditions, operating duration, thickness of inner oxide scale and hardness after the services are shown in Table 1 . All the tubes in this table were fabricated according to JIS G3462 (STBA 24). The tubes tested in an iso-stress manner were taken from B-1 and B-4. Since the wall thickness of a tube in B-1 is approximately 3.2 mm, a rupture specimen taken from this boiler is a curved thin plate of 32 mm 2 cross-section with surfaces exposed to the service environments. However, little corrosive deposit associated with combustion of crude fuels stuck to the external surface. The specimen taken from B-4 is a standardized cylindrical type with 6 mm diameter and 30 mm gauge length.
In order to examine the limitation of a hardness based approach, a new normalized and tempered 2.25Cr-1Mo steel pipe, STPA 24 (JIS G 3458), was also tested with and without pre-strain. Creep specimens were machined from round bars that were given 0, 10 and 15 % plastic strain in tension at room temperature to increase hardness with a minimal change in carbide morphology. Vickers hardness of an as-received pipe is 158 Hv and that for 10 and 15 % pre-strained is 188 and 214 Hv respectively. The cold work effect upon creep behavior was examined using a standard cylindrical specimen with 10 mm diameter and 50 mm gauge length. Carbides of crept specimens were observed using carbon extraction replicas by Transmission Electron Microscopy (TEM).
Loss of a cross-sectional area due to oxidation was examined using plate specimens taken from B-1. The thickness of an unoxidized zone was measured on the head of a plate specimen, in which thickness reduction caused by creep strain was negligible. Metal loss was determined by measuring the unoxidized thickness after a test.
Although most rupture tests were conducted in air, tests in a less aggressive atmosphere, generated by a continuous flow of argon into a furnace with an internal volume of 1 700 ml, were also performed. The flow rate of argon was 200 ml/min and the purity was higher than 99.9 %. Stresses of two rupture tests in 700°C argon were 30 MPa and 50 MPa. Constant load creep machines were employed for all the tests.
Larson-Miller Parameter (LMP) was employed as the time-temperature parameter to derive the rupture life in vacuum. In the present work, a commonly employed value of 20 was taken as the constant of LMP so that a direct comparison with the master curve given by API RP 579, 4) in which the same constant of 20 is adopted to ferritic steels, can be made.
Results

Rupture Properties of Service-exposed Super
Heater Tubes In Fig. 1 , results of stress-rupture tests are plotted together with those in existing databases, No. 3B 5) and No. 50 6) produced by NIMS, using Manson-Haferd Parameter (MHP). The mean creep strength in this figure was derived by NIMS and given by the following equation.
MHP = (log t r Ϫlog t a )/(TϪT a ) = (log t r Ϫ16.053)/(TϪ380) =Ϫ4.391739ϫ10 where t a and T a are the optimized parameter constants, t r is the rupture life, T is the temperature in Kelvin and s is the stress at the beginning of a test.
No. 3B and a supplementary database No. 50, which was Table 1 . Design conditions and important factors for remnant life estimation in service-exposed superhetaer tubes.
issued after the publication of No. 3B, report stress rupture properties of twelve heats of 2.25Cr-1Mo steel tube (STBA 24) and contain extraordinarily long experimental data exceeding 10 5 h. As can be expected, creep strength of the service-exposed tubes is lower to various degrees in comparison with the virgin materials. However, quantitative prediction on the remained creep strength based upon the design temperature and the operating duration shown in Table 1 is supposed to be difficult. The deviation of creep strength for a tube taken from B-4, in which the thickest inner oxide scale was observed, from the mean value for the virgin materials is more pronounced than other tubes. Despite the similar design temperature and operating period to those of B-4, the inner scale thickness in B3 s and B3 t is less than half of that in B-4. As a result, the hardness of B-4 is the lowest among the tubes examined. Significant inner oxide growth should be ascribed to localized high heat flux and resultant higher metal temperature. And the oxide scale buildup raises the metal temperature, creating a vicious circle accompanied by further oxidation and material degradation. Major difficulty in the life assessment of superheater tubes is erratic variation in metal temperatures among them. It was found in an actual boiler that the difference in tube temperature could exceed 50°C. 7) Thus, a quick and handy technique to judge the soundness of each tube should be useful in order to ensure further safe operation.
Askins 8) found a good relationship between the averaged spacing of carbides, which were effective obstacles to the movement of dislocations, and creep strength of 1Cr-0.5Mo steel. Furthermore, Townsend et al. 9) developed an easier methodology using hardness measurement based on the assumption that the interparticle spacing should be represented by hardness. In Fig. 2 , all the test results in Fig. 1 are plotted using hardness compensated stress, defined by s/H vo , and MHP. H vo is the hardness prior to a test. The mean creep strength in terms of s/H vo in Fig. 2 (2) where t r is rupture life and T is temperature in Kelvin.
It is obvious that test results for both the virgin and service-exposed materials lie within a narrow scatter band, suggesting that hardness measurement can substitute expensive and time-consuming creep rupture tests. In Fig. 3 , the rupture lives predicted by MHP derived by Eq. (2) and actual values are compared. Most of predictions by the above equation satisfy the accuracy of a factor of 2.
In contrast, a scatter band becomes wider when rupture life is predicted by the master curve for the virgin materials, which is described by Eq. (1), even when excluding the data for ex-used materials. In Fig. 4 , results of iso-stress rupture tests are compared with the lives predicted by Eq. (2). Creep strength for tubes from B-1 and B-4 was tested at 50 and 40 MPa respectively. Good agreement between the two reveals that the hardness measurement can be used for screening the heavily damaged tubes.
Creep Behavior of Harder Materials
It should be noted that Eq (2) is not a universal guideline on the creep strength for materials containing analogous alloying compositions. Hardness would be an indicator of the averaged spacing of carbides, if a similar heat treatment or mechanical machining at fabrication were expected. However, room temperature hardness is not a unique function of the carbide spacing. Dislocation density, grain size and presence of solute atoms are other variables affecting hardness. Fujibayashi et al. 10) reported that 2.25Cr-1Mo weld metal tended to have poor creep strength compared with parent material despite higher hardness values. They attributed the inherent weakness to the higher rate of carbide evolution within the weld metal, which was composed of fully bainitic microstructure. The high hardness value of weld metal should be partly due to high dislocation density. In Fig. 5 , creep curves at 650°C and 50 MPa for an as-received and cold worked pipe materials are shown. Time to rupture of a pre-strained specimen decreases with the extent of plastic strain prior to a test and becomes halved when 15 % of plastic strain is given. In order to elucidate the effect of cold work on creep behavior, carbides morphology at failures was observed using 0 and 15 % pre-strained specimens. Apparent differences between the two were found in the shape of carbides within ferrite grains and a width of the Precipitate Free Zone (PFZ) at the border between ferrite and bainite. The typical feature of carbides observed at the border between ferrite and bainite. for the specimen with and without cold work is shown in Figs. 6 and 7 respectively. In spite of shorter rupture life, growth of PFZ associated with carbide depletion in a ferritic region is more pronounced in the pre-strained specimen. Faster evolution of carbides due to prior cold work should be attributed to the contribution of dislocations by supplying additional diffusional paths of solute atoms.
Similarly, the advantage of ferrite-pearlite (or ferritebainite) over tempered martensite with a higher amount of dislocations can be observed by comparing the creep data for tubes with those for quenched and tempered 2.25Cr-1Mo plates in No. 36B.
11) The relationship between LMP and hardness compensated stress (s/H vo ) is shown together with that of as-received and pre-strained tube materials in Fig. 8 . H vo converted from HRB in NIMS No. 3B and No. 50 ranges from 145 to 164 and that converted from HRC in No. 36B ranges from 188 to 254. Time to rupture for quenched and tempered heats is significantly shorter at the same s/H vo compared with that of tubes. It is observed that LMP-s/H vo correlation of the pre-strained specimens approaches to that of quenched and tempered materials with increasing the extent of cold work.
Air Oxidation during Rupture Tests
In NIMS No. 3B, Manson-Haferd Parameter is employed as a time-temperature parameter since the Standard Error of Estimate (S.E.E.) becomes the minimum. The S.E.E is given by the following equation. where t ri and t rprei is the i'th experimental and predicted rupture life respectively, n is the number of data points, k is degree of regression equation and m is the number of constants included in the specific parameter.
When the same data are plotted using LMP, inconsistent scatters in the rupture data of heat MAF are evident at low stresses as shown in Fig. 9 . These LMP values, which are significantly lower than those of other heats, were obtained in the tests at 600°C, 26 and 22 MPa. Rupture properties of other heats were not tested at the above conditions. LMP corresponding to the mean rupture life for the virgin materials is given by, LMPϭ(log t r ϩ20)T ϭ20 722+4 447 log sϪ2414 log 2 s ...........(4).
S.E.E. In Fig. 10 , the correlation between stress and rupture life at the temperature of 600°C in NIMS No. 3B and No. 50 is shown together with predicted mean creep life by these two time-temperature parameters. Though rupture lives of Heat MAF are comparable to those of other heats when stresses are higher than 40 MPa, an abrupt decline of stress dependence appears at the stress around 30 MPa. Since the typical hoop stress for superhetaer tubes fabricated from 2.25Cr-1Mo steel is around 30 MPa, creep properties at this stress level is of great importance for the life assessment of actual components. It is interesting to note that the mean 10 5 h rupture strength at 600°C derived by MHP is about 30 MPa, whereas the allowable stress for STBA 24 given by ASME for an equivalent material SA-213 T22 at this temperature is 23.5 MPa. Therefore, it is presumable that creep strength of 2.25Cr-1Mo steel tubes would not suffice the premised safety margin of 33 %. However, the major cause of this phenomenon should be the loss of cross-section due to oxidation rather than genuine creep strength at low stresses. In the case of actual superheater tubes, the external oxidation is not a major threat to their integrity as oxygen partial pressure in flue gas is significantly lower than that in air. Thus, the correction of the existing data in air is worth considering. Marino (5) where y is the reduction in specimen radius in mm at the time t, R is the gas constant and T is the absolute temperature in K.
Since testing temperature in this work is higher than that of the work by Kaneko et al., 2) the above equation, which is applicable from 600 to 800°C, is employed. In Fig. 11 , metal loss predicted by Eq. (5) is compared with measured values in the current work. Eq. (5) tends to underestimate oxidation loss and this trend becomes more pronounced with the increase in y. No remarkable difference in concentrations of Si and Cr, which improve the resistance to oxidation, is found between the materials examined by Marino et al. and the current work. The content of Si and Cr for the former was 0.29 and 2.32 wt% respectively. In the present work, Si and Cr is 0.38 and 2.14 wt% respectively. A relatively large discrepancy between predicted metal loss and measured might be caused by a difference in the specimen shape as Bueno et al. pointed out. They found substantial difference in the oxidation kinetics from the experiments using rectangular specimens by Murphy et al. 14) though no plausible explanation on the geometric effect was addressed.
It was found that argon gas injection in the present work effectively prevented oxidation as shown in Fig. 12 . In this case, metal loss after the exposure of 2 676 h at 700°C was predicted to be 0.65 mm by Eq. (5). Time to rupture at the same stress and temperature decreased to 456 h in air. The feature of oxide scale formed in air is shown in Fig. 13 . Except the partial pressure of oxygen in the furnaces, the testing condition for both specimens was exactly the same.
It should be noted that the predicted and actually measured metal loss at failures in iso-stress rupture tests is reduced with the increase in testing temperatures. For instance, the measured thickness reduction of 0.65 mm at 670°C decreased to 0.40 mm at the temperature of 700°C. Raising testing temperature could diminish the experimental errors caused by oxidation.
From the expected metal loss by Eq. (5), it is presumed that applied stress will be almost doubled at failure when testing duration becomes longer than 10 5 h. Thus, the oxidation effect should be offset to improve the accuracy of the life assessment for actual components subjected to less significant oxidation. Pluntree et al. 15) applied the damage mechanics developed by Kachanov and Rabotnov to take account of the wall thinning due to corrosion for the remnant life assessment of boiler tubes. The rate of accumulating damage D due to wall thinning is described by the following equation. (6) where s 0 is the stress at tϭ0, A, n and q are material constants depending upon temperature. They derived Eq. (7) by modifying Eq. (6) in order to evaluate the creep life tr of a boiler tube subjected to continuous loss in wall thickness.
].......................... (7) where K is the tube wall thinning rate in h
Ϫ1
, s 0 is the stress at the commencement of a test and C {ϭA n /(qϩnϩ1)} is the material constant in the situation where an oxidation effect can be ignored. C is given by the following equation. (8) where t rv is rupture life in vacuum.
In the case of a cylindrical creep specimen, the influence of metal wastage is more substantial than that of an internally pressurized tube, in which the stress increase rate s/s 0 is proportional to wall thickness remained. Stress of a cylindrical creep specimen with the metal loss of y is described by the following equation. where d is the specimen diameter. Therefore, t r for a creep specimen tested in air should be expressed by, In order to obtain the master curve to predict the rupture life in vacuum, raw data in No. 3B and No. 50 were corrected using the following procedure. The data correction was made for the rupture data, in which the rise in stress expected by Eqs. (5) and (9) exceeded 20 % at failures. By assuming that n was equal to 4, C at each testing condition was obtained from Eq. (12) . The averaged value of C for each heat was employed to derive rupture life in vacuum by Eq. (8) . Correction of raw data for metal loss in the current work was not made sine enough data to obtain the values of C were not available.
The comparison of raw rupture data with prospected t rv for heat MAF is made in Fig. 14 . The expected t rv at 600°C and 22 MPa is an order of magnitude longer than the exper- imental value. And the difference in experimental values and corrected ones is smaller at higher testing temperature of 650°C. It is inferred that rupture data generated by extremely long tests in air are not necessarily practical but too pessimistic for the life assessment. In Fig. 15 , the relationship between LMP corresponding to the predicted life in vacuum and stress for all the data in No. 3B and No. 50 is shown together with raw rupture data of B-1. For the reference, the mean strength in air and the prospected mean strength in vacuum corresponding to the lower (nϭ3) and higher boundary (nϭ5) of n expected in dislocation creep are also plotted. Apparent deviation of LMP values, which is observed in low stressed tests of MAF (26 and 22 MPa at 600°C), from those of other data disappears by taking the oxidation into account. It can be presumed from the rupture data of the service-exposed tube in argon that the predicted mean creep strength still contains some safety margin even when the higher boundary of n is employed. The prospected mean creep strength in vacuum is given by the following equation when n is assumed to be four for conservatism. s/H vo versus LMP corresponding to t rv and raw data in the present work, in which cross-sectional reduction due to oxidation is smaller than 20 %, are plotted in Fig. 16 . All the data converge on a relatively narrow scatter band independently of the service history. As with the relationship between LMP and s shown in Fig. 15 , it is observed that the prediction by Eq. (14) ence between the predicted life and the actual life becomes larger at s/H vo of 0.224 (30 MPa/134 Hv). Time to rupture in argon is significantly longer, 2 676 h, compared with the predicted life of 533 h. It is suggested that the effect of oxidation is more substantial than the service induced damage due to long-term operation as the average life of the virgin materials in air at the same stress and temperature is estimated to be 430 h by the master curve shown in Fig. 9 .
Discussion
As discussed above, creep strength of a 2.25Cr-1Mo steel tube should be significantly higher than that given by the relevant design code or existing databases at the stresses expected in a superheater. For instance, the expected mean life derived by Eq. (14) at 575°C and 30 MPa, which is a typical design condition as shown in Table 1 is 24ϫ10   5 hours. Thus, in the case of a boiler burning relatively clean fuels, the tube life will be determined exclusively by the thickness of inner steam oxide and the resultant rise in metal temperature. In that context, measurement of inner scale thickness is very important. Considering the possibility of the oxide exfoliation, however, a supplementary technique, which can be directly related to the current material condition, is also effective in assessing the soundness of each tube. Hardness measurement should be one of the best candidates for that purpose. However, the extended application of the master curve for the tubes to hardened materials could lead to erroneous predictions. The adverse effect of cold work on the creep resistance observed at 650°C could be more pronounced at actual components since the contribution of pipe diffusion increases at lower temperatures. 16) A time-temperature parameter, which is utilized to estimate the rupture life at any condition, is considered to be the most appropriate when the S.E.E. becomes minimal. Although MHP with two constants should give better fit to raw test data as compared to LMP, the former parameter would not necessarily derive the practical prediction when the remarkable influence of oxidation was considered. The apparent disappearance of the stress dependence of MHP at low stresses observed in Fig. 1 is mainly caused by significant increase in stress due to oxidation.
In the life assessment of low stressed superheater tubes using an iso-stress technique, testing temperatures must be raised to derive the answer with reasonable experimental hours. The upper limit of temperature acceleration should be an interesting theme for further investigation. Though the change in microstructure must be accelerated under increased temperature, consistent iso-stress results were obtained up to 700°C as shown in Fig. 4 .
It was confirmed that the master curve given by Eq. (13) or (14) estimated the conservative rupture life in vacuum when compared the results of service-exposed tube tested in an argon atmosphere. One possible interpretation on that discrepancy should be that the metal loss predicted by Eq. (5) could be smaller than the actual value as observed in the present work. As a result, the converted creep strength in an inert environment would have been underestimated. In addition, the postulation of n to be 4 gives another safety margin to those equations. The stress exponent n for each heat in No. 3B and No. 50 at the temperature of 550°C and lower, in which oxidation loss is not so substantial, ranges from 5.8 to 10.3. And no power law breakdown, which is the abrupt change in the slope of the log(s)-log(t r ) relation, is observable. On the other hand, n drops to the level between 2.9 and 5.3 at the temperatures of 600 and 650°C. It is considered that decrease in n at higher temperatures is mainly due to oxidation rather than change in a deformation mechanism. A similar presumption can be derived from the test results in the present work though it must be ensured by additional data. In an argon atmosphere, n of B-1 tube obtained from two rupture data (700°C, 30 MPa and 700°C, 50 MPa) is 5.5. The value of n for B-1 tube at identical conditions in terms of stress and temperature decreases to 3.3 in air.
Further investigation on creep behavior in an inert environment and oxidation kinetics in air is necessary in order to improve the accuracy in life assessment of superheater tubes.
Summary
The following findings were obtained from the experimental works using the service-exposed superheater tubes and a new pipe fabricated from 2.25Cr-1Mo steel and analyses of the relevant databases produced by NIMS.
(1) Hardness measurement can be effective in choosing the weakest tubes fabricated from 2.25Cr-1Mo steel from numerous ones in a boiler. Time to rupture for virgin and service-exposed materials can be expressed by the following equation. However, the predicted life would be too pessimistic for the component with no substantial metal wastage during operation.
MHPϭ(log t r Ϫ16.053)/(TϪ380) ϭϪ0.02975Ϫ0.01828 log(s/H vo ) Ϫ0.01146 log 2 (s/H vo ) (2) The above relationship is not applicable to the materials with the similar alloying compositions when associated with higher dislocation density, which was added by heat treatment or cold work prior to high temperature use. It was found that time to rupture decreased with the extent of cold work before a test. Higher dislocation density resultant from cold work should enhance the faster evolution of carbides by supplying additional diffusional routes for solute atoms.
(3) To improve accuracy of life assessment using the data obtained in air, the oxidation effect should be taken into account. Correction of existing data in No. 3B and No. 50 by NIMS was made using the damage mechanics by Kachanov and Rabtnov. The mean creep strength expected in vacuum is described by the following equation when the stress exponent is assumed to be four.
LMPϭ(log t rv ϩ20)T ϭ23 661ϩ1 832 logsϪ1 835 log 2 s
Expected life in vacuum at 600°C and 22 MPa derived by the above equation became an order of magnitude longer than experimental life in air.
(4) For screening the heavily damaged tube, the following equation was derived to correlate the current hardness and remaining creep strength in vacuum.
